We study the motion of magnetic skyrmions in a nanowire induced by a spin-wave current J flowing out of a driving layer close to the edge of the wire. By applying micromagnetic simulation and an analysis of the effective Thiele equation, we find that the skyrmion trajectory is governed by an interplay of both forces due to the magnon current and the wire boundary. The skyrmion is attracted to the driving layer and is accelerated by the repulsive force due to the wire boundary. We consider both cases of a driving longitudinal and transverse to the nanowire, but a steady-state motion of the skyrmion is only obtained for a transverse magnon current. For the latter case, we find in the limit of low current densities J the velocity-current relation v ∼ J/α where v is the skyrmion velocity and α is the Gilbert damping. For large J in case of strong driving, the skyrmion is pushed into the driving layer resulting in a drop of the skyrmion velocity and, eventually, the destruction of the skyrmion.
I. INTRODUCTION
Magnetic skyrmions are topological protected textures of the magnetization [1] [2] [3] , that have been observed experimentally in various magnetic materials, in bulk systems, thin magnetic films, and magnetic multilayers [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . As a topological object, the skyrmion is stable and possesses a peculiar particle-like nature, which makes it suitable for the application as an information carrier. Indeed, a number of theoretical and numerical works have demonstrated that magnetic skyrmions could be essential components for future magnetic and spintronic devices for data storage and computation [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] .
The position of an isolated magnetic skyrmion can be manipulated by an external driving force. A spin-polarized electric current has been reported to be an effective driving force for the motion of magnetic skyrmions in confined geometries [14, 21, 22, [39] [40] [41] . In addition, the scattering of a propagating spin wave has been demonstrated to generate a momentum-transfer resulting in a skyrmion or domain wall motion [42] [43] [44] [45] [46] [47] [48] [49] [50] . In the absence of boundaries, the skyrmion will be driven towards the magnon source, i.e., the skyrmion velocity posses a component antiparallel to the magnon current [42] [43] [44] [45] . In confined geometries, the boundary acts as a potential barrier and its repulsive force can also result in an effective motion parallel to the magnon current [46, 47] .
In this paper, we study in detail the motion and dynamics of an isolated magnetic skyrmion in a magnetic nanowire driven by spin waves travelling longitudinal or transverse to the wire. As the magnon current decays on a length scale set by the Gilbert damping, the longitudinal driving is only viable for short wires. For transverse driving, a steady-state skyrmion motion is obtained with a characteristic velocity-current relation. We find that it is determined by an interplay of the magnonic driving and the repulsive potential arising from the edge of the wire. For large magnon currents, however, the skyrmion is pushed into the driving layer, that generates the spin waves, leading to a breakdown of the skyrmion velocity. Our results provide a guide for future experimental studies on skyrmion motion in confined geometries driven by magnonic momentum-transfer forces.
II. RESULTS
We consider a magnetic wire with a surface-induced Dzyaloshinskii-Moriya interaction that stabilizes magnetic skyrmions, see Appendix A for details. The motion of an isolated magnetic skyrmion is investigated that is driven by spin waves propagating longitudinal and transverse to the wire. We first discuss the resulting skyrmion trajectories and then turn to a discussion of the relation between the driving current and the skyrmion velocity in the steady state.
A. Skyrmion trajectories for longitudinal and transverse driving by spin waves
We first present results for the skyrmion trajectories obtained with the help of micromagnetic simulations. As shown in Figs. 1 and 2, we consider a nanowire consisting of a magnetic layer with a length l = 400 nm in the x-direction and various different widths w = 400, 200, 100, and 50 nm in the y-direction corresponding to panels (a)-(d), respectively. The thickness of the magnetic layer in the z-direction is fixed at 1 nm. The initial magnetization profile of the mag- An RF field with an amplitude of Ha = 1000 mT and a frequency of f = 200 GHz is applied at the left edge of all samples, producing magnons traveling towards the right edge. The Gilbert damping α = 0.02. The inset of (a1) shows the structure of the Néel-type skyrmion in our simulation, which is indicated by blue circles in all snapshots. The color scale shows the in-plane component of the magnetization mx, which is rescaled to [−0.1, +0.1] in order to show the magnon profile more clearly. A length scale is also provided.
netic layer corresponds to a magnetization pointing along the +z-direction except at the center of the sample, where the skyrmion is initially located, and at the sample edges, where the magnetization is tilted due to the Dzyaloshinskii-Moriya interaction.
Two setups with longitudinal and transverse driving are considered, Figs. 1 and 2, respectively. The driving is generated by a locally applied oscillating magnetic field, that is, a radio frequency (RF) field. It is applied only within a narrow strip of width 15 nm that is either located on the left-hand side of the sample for longitudinal driving or at the top of the nanowire for transverse driving. We consider a RF field H = H a sin (2πf t)ŝ with amplitude H a = 1000 mT and frequency f = 200 GHz. It possesses a longitudinal polarization withŝ =ŷ for Fig. 1 andŝ =x for Fig. 2 . More details on the simulation and material parameters are given in Appendix A.
We first discuss the situation of longitudinal driving. Figure 1(a1) shows the case of a square-shaped thin film where l = w = 400 nm at time t = 0. The panels (a2)-(a4) show snapshots at later times after the driving field has been switched on. The RF field at the left edge produces spin waves traveling towards the right, along the length direction of the sample. Since the magnetic skyrmion is far away from the sample edges, we observe a nearly pure skew scattering between the propagating spin wave and the magnetic skyrmion, which is in good agreement with that reported in Ref. 44 . Indeed, the spin wave-skyrmion scattering leads to a backwards motion of the magnetic skyrmion. It can be seen that the magnetic skyrmion basically moves against the propagation direction of the spin wave, and reaches the left edge in a finite time. In addition, the skyrmion gets slightly dragged towards the upper edge.
The width in Figs. 1(a) is sufficiently large so that the skyrmion reaches the magnon source before it touches the upper edge of the wire. The situation changes when the track is narrower. In Figs. 1(b) the width is w = 200 nm and the skyrmion still has not reached the upper edge at a time t = 15 ns. However, for even narrower wires with w = 100 nm and w = 50 nm, see Figs. 1(c) and 1(d), it reaches the edge after a short time. Close to the edge, the skyrmion changes the direction of its motion. Instead of approaching the driving layer, the skyrmion moves along the edge away from it. This evading motion along the edge is also much faster than the attractive motion towards the magnon source.
For the transverse driving we observe similar effects. The RF field is applied on the upper edge of the nanowire, see the wire with a slight side-shift to the right-hand side. This can be particularly well seen for the wide wire in Figs. 2(a). This setup is however too wide to observe the effects from the sample edge within the simulated time span. In contrast to the longitudinal driving mechanism, the skyrmion is now driven faster towards the upper edge, which becomes apparent for the narrower wires shown in Figs. 1(b)-(d). When the skyrmion arrives at the edge, it speeds up dramatically and moves along the upper edge towards the right-hand side. It reaches the end of the wire in a much shorter time than for longitudinal driving.
B. Thiele approximation
The skyrmion trajectories observed by our micromagnetic simulation can be understood in the framework of an effective Thiele equation of motion for the skyrmion [51] . Within this description, the skyrmion coordinate R is governed by the equation
where G = Gẑ is the gyrocoupling vector with G < 0, which is related to the topological winding number of the skyrmion, α is the Gilbert damping, and D the dissipative tensor which can be approximated to be diagonal, D ij = Dδ ij . The force on the right-hand side is attributed to the magnon driving and the edge of the sample, F = F edge + F mag . Close to the edge, the Dzyaloshinskii-Moriya interaction leads to a twist of the magnetization [52] that acts as a repulsive potential for the skyrmion [22, 26] . To a good approximation, this potential falls off exponentially with the distance to the edge [53] . We thus describe the repulsive force by the edges of a nanostrip of width w by a superposition of edges at positions y 1 = 0 and y 2 = w:
where V edge > 0 parametrizes the strength of the potential and L edge the penetration depth of the magnetization twist. The momentum-transfer from the magnon current to the skyrmion also results in a force,
where J > 0 is the two-dimensional magnon-current density, and q is the wavevector of the spin wave with q = | q| andq = q/q. It was shown in Refs. [42] that the force is determined by the two-dimensional transport scattering cross section of the skyrmion, σ and σ ⊥ , longitudinal and transverse to the flow directionq of the magnon current. In general, they depend in a non-trivial manner on the magnon frequency. In the high-frequency limit or, equivalently, for large magnon wavevectors q [45] , the transverse transport scattering cross section is universal σ ⊥ ≈ 4π/q and σ ∼ 1/q 2 so that σ ⊥ > σ > 0. We also accounted for the decay of the magnon current on a length scale set by the Gilbert damping, 1/L mag ≈ α m 2 2πf where m is the magnon mass and f is the frequency of the wave.
The solution of the Thiele equation is plotted in Fig. 3 for some set of parameters. For longitudinal driving in panel (a), the wire can be divided into two different areas. The skyrmion trajectories belonging to the red shaded area, on the one hand, will end up at the driving layer (red line). When the skyrmion starts within the blue shaded area, on the other hand, it will be driven away from the driving layer. The interplay between the magnon and edge forces dominates the motion. As the magnon current decays exponentially on the length scale L mag with increasing distance to the driving layer, the magnon force that keeps the skyrmion close to the edge also decays so that eventually the skyrmion slowly approaches the center of the wire. The red and blue shaded areas are separated by a critical skyrmion trajectory (white line). In any case, the longitudinal driving setup will not produce a steady state.
In case of transverse driving in Fig. 3(b) , a skyrmion initially positioned at the center of the wire gets attracted towards the driving layer at the top of the wire. At the same time, it gets repelled by the edge twist of the magnetization and if the driving is not too strong the skyrmion reaches a steady state with v ys = 0 and a constant velocity, v xs , along the edge. Within the Thiele approximation, this saturated velocity is given by
It depends on the steady state distance to the edge, y, which is in turn governed by the driving amplitude J. The last equation applies in the high-frequency limit σ ⊥ ≈ 4π/q and, in addition, y/L mag 1. In the limit of a small driving amplitude H a , the current J will obey Fermi's Golden rule J ∝ |H a | 2 . In this case, the saturated velocity will scale as v xs ∝ |H a | 2 /α.
C. Damping dependence of the skyrmion motion
In order to study the dependence of the skyrmion motion on the Gilbert damping parameter α, we performed further simulations with a long and narrow wire with w = 60 nm and l = 1000 nm for various values of α in the range from 0.01 to 0.05. We consider two amplitudes for the excitation field H a = 300 mT and H a = 1000 mT with a frequency f = 180 GHz. The results are shown in Fig. 4 . All setups share the common property, that the skyrmion moves faster and also further if the damping is lower. The exact dependence on the damping is, however, very different for longitudinal and transverse driving.
For longitudinal driving in Fig. 4(a) , the skyrmion started within the blue shaded area of Fig. 3(a) so that its motion is eventually along the edge of the wire. The distance travelled after a time of 7 ns for a driving amplitude H a = 1000 mT decreases approximately exponentially with increasing α. While for the lowest simulated damping, α = 0.01, the skyrmion travels 514 nm, it travels only half as far (254 nm) if the damping is doubled to α = 0.02. If we increase the damping further by another ∆α = 0.01, the travelled distance again decreases by a factor 2 to only 139 nm. At even larger damping, α = 0.04, the skyrmion moves 81 nm. The corresponding components of the velocity along the track, v x (t), are shown in Fig. 4(b) . The period of acceleration lasts approximately 5 ns for low damping, α = 0.01, and becomes shorter with increasing damping. After the peak velocity is reached, the skyrmion decelerates again. This peak velocity can be up to ∼ 90 m s −1 for α = 0.01, while it is only ∼ 45 m s −1 for α = 0.02 and ∼ 25 m s −1 for α = 0.03. If we lower the RF field amplitude down to H a = 300 mT, see Fig. 4(c) , the overall shape of the velocity curves stays the same but the time axis rescales with a factor ∼ 2 while the value of the velocity rescales by ∼ 0.2. The highest velocity, at α = 0.01, is now only ∼ 20 m s −1 and already < 5 m s −1 for α = 0.03. For α > 0.03 the motion is almost immediately damped out.
For transverse driving in Fig. 4(d) , the skyrmion moves much faster and further as compared to longitudinal driving. For low damping α = 0.01, the skyrmion travels 695 nm (c) and (e),(f), the velocity parallel to the wire as a function of time, vx(t), is shown for longitudinal and transverse driving for two different driving amplitudes Ha = 1000 mT and Ha = 300 mT and for various damping coefficients α as given in the inset of (b). The curves are only plotted in the regime, where the skyrmion is sufficiently far from the end of the wire.
to be compared with 514 nm for longitudinal driving. For large damping α = 0.04 the skyrmion still travels 555 nm. A closer look at the corresponding velocity, see Fig. 4 (e), reveals that after an acceleration time of ∼ 2 ns the skyrmion velocity reaches a steady state. For all simulated damping constants, α ∈ [0.01, 0.05], the saturated velocities, v xs , are in the regime of 75 up to 110 m s −1 for H a = 1000 mT, which is only comparable to the peak velocity at lowest damping for longitudinal driving. The dependence of v xs on the Gilbert damping becomes much more pronounced for smaller driving amplitude H a = 300 mT as shown in Fig. 4(f) .
D. Steady-state motion for transverse driving
For transverse driving, the skyrmion motion can assume a steady state with a constant, saturated velocity. In order to compare with the expression in Eq. (4) predicted by the Thiele approximation, we obtained the saturated velocity for transverse driving with the help of micromagnetic simulations using damping coefficients α = 0.01 up to 0.05 and driving amplitudes within the range from 0 to 3200 mT at a fixed frequency of 180 GHz. The results are shown in Fig. 5 as a function of the scaling variable H In order to elucidate this sudden decrease of the saturated velocity, we show in Fig. 6 (a) the saturated velocity v xs versus the driving amplitude H a at a fixed damping α = 0.04. Depending on the strength of H a , we can distinguish four different scenarios A to D. Snapshots of the skyrmion corresponding to these scenarios are shown in panel (b). The shaded area at the top corresponds to the strip where the oscillating driving field is applied. The scenarios are characterized as follows.
Scenario A (green region) corresponds to lowest driving fields. In the range from H a = 0 up to 1200 mT, the saturated velocity v xs first increases with H 2 a /α as predicted from the Thiele approximation and then turns to a less steep increase. In this regime, the skyrmion smoothly moves along the nanotrack, and does not suffer any significant deformations. Moreover, only a minor fraction of the skyrmion area has entered the region where the oscillating RF field is applied, see Fig. 6(b-A) .
Scenario B (blue region) is the intermediate regime between H a = 1200 and 2200 mT. Here, the saturated velocity still increases with the amplitude of the stimulating RF field but the increase is less steep than in scenario A. This is related to a power loss from the emission of additional spin waves by the skyrmion, which can be discerned in our simulations.
Scenario C (yellow region) is obtained in the range from H a = 2200 up to 3200 mT which is the highest accessible driving amplitude. In this regime the saturated velocity suddenly drops to a lower value. We can associate this sudden drop with the excitation of the internal breathing mode of the skyrmion. As can be seen in Fig. 6(b-C) , a sizeable fraction of the skyrmion is located within the area of the applied RF field, which facilitates the excitation of internal modes.
Scenario D (red region) is the regime where the drive is so strong that the skyrmion will be destroyed shortly after the RF field is applied. In this limit, H a > 3200 mT, the skyrmion is driven so hard towards the edge that it is eventually pushed over the edge barrier. The topologically non-trivial skyrmion then unwinds and disappears. A snapshot of the destruction process is shown in Fig. 6(b-D) .
It is worth mentioning that, for the purpose of avoiding the reflection of spin waves on the sample edges, absorbing boundary conditions (ABCs) are implemented in all simulations discussed above. However, in real-world experiments with nanoscale samples, the sample edges might indeed reflect spin waves. Hence, for comparison, we also performed simulations with open boundary conditions (OBCs) for the representative case of a 1000 nm × 60 nm × 1 nm nanotrack, where the skyrmion is driven by a transverse magnon current. As shown in Fig. 7(a) , the nanotrack with ABCs has an exponentially increasing damping coefficient at the edge, while the nanotrack with OBCs has a uniform damping coefficient. Fig. 7(b) shows the saturation velocity v xs of a skyrmion driven by a transverse magnon current as a function of the stimulating field amplitude H a for the models with ABCs and OBCs. The comparison shows that, when the stimulating field is relatively small (H a < 500 mT), the results obtained for the model with OBCs are in good agreement with those obtained for the model with ABCs. The reason is that the reflection of magnons is negligible if the exciting field is sufficiently small. Also, the skyrmion barely enters the region of increased damping at the edge. However, when the stimulating field is relatively large (H a > 500 mT), the results for v xs obtained for the model with OBCs differ quantitatively from those obtained for the model with ABCs, and the difference increases with increasing H a . Nevertheless, it can be seen that qualitatively the four different scenarios can also be identified for the model with OBCs, which are now shifted to lower field values H a .
III. SUMMARY
We studied in depth the motion of an isolated magnetic skyrmion in a nanotrack driven by a magnonic momentumtransfer force provided by a spin wave. We considered two se- tups where spin waves are excited either longitudinal or transverse to the nanotrack. We find that the longitudinal driving is less efficient partly due to the damping of the spin waves. For transverse driving, the skyrmion motion attains a steady-state with constant velocity along the track. We analyzed the saturated velocity, v xs , as a function of the Gilbert damping α and the driving amplitude H a of the magnetic field that generates the spin waves. It obeys for low driving the scaling relation v xs ∝ J/α ∝ |H a | 2 /α where the magnon current amplitude J ∝ |H a | 2 . The enhancement of the skyrmion velocity by the factor 1/α is comparable to previous results obtained for the skyrmion motion in confined geometries but driven by electronic spin currents [22, 53] .
For large transverse driving, the skyrmion is pushed into the driving layer and additional magnon modes and even the internal breathing mode of the skyrmion get excited. This limits a further increase of the skyrmion velocity and, finally, results in a destruction of the skyrmion.
Our study demonstrates that the position of a skyrmion can be efficiently manipulated by the magnonic momentumtransfer force, and it elucidates the principle of a magnondriven skyrmion motion which might be of interest for practical applications. 
